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Abstract--We describe a recently completed 
wideband wireless channel characterization 
project for the 5 GHz Microwave Landing 
System (MLS) “extension” band, for airport 
surface areas. This work included mobile 
measurements at large and small airports, 
and fixed point-to-point measurements. 
Mobile measurements were made via 
transmission from the air traffic control 
tower (ATCT), or from an airport “field site” 
(AFS), to a receiving ground vehicle on the 
airport surface. The point-to-point 
measurements were between ATCT and 
AFSs. Detailed statistical channel models 
were developed from all these measurements. 
Measured quantities include propagation 
path loss and power delay profiles, from 
which we obtain delay spreads, frequency 
domain correlation (coherence bandwidths), 
fading amplitude statistics, and channel 
parameter correlations. In this paper we 
review the project motivation, measurement 
coordination, and illustrate measurement 
results. Example channel modeling results for 
several propagation conditions are also 





 The need for new wireless communication 
services on the airport surface area is well 
known [1]. Growth in airport operations is 
expected to continue, and along with this growth 
will come greater demands for reliable 
communication services for multiple 
applications [2]. Given the spectral “congestion” 
in the aeronautical VHF band [3], the aviation 
community has naturally turned toward other 
aviation frequency bands to assess the ability of 
these bands to meet future needs. The 
Microwave Landing System (MLS) extension 
band, from 5.091-5.15 GHz, represents one such 
band. 
 The MLS extension band is not widely 
used, and because of this, offers ample spectrum 
in which to deploy communication systems for 
the airport surface environment. Noteworthy is 
that because of the sparse usage of this band, 
other (non-aviation) organizations view this 
spectrum as not needed by the aviation 
community. Hence, these organizations are 
likely to propose that this spectrum’s allocation 
be changed to non-aviation usage. The aviation 
community’s response to this has been to 
organize delegations, through the International 
Civil Aviation Organization (ICAO), to the 
International Telecommunications Union’s 
(ITU’s) World Radio Conference, to illustrate 
the aviation community’s need for, and 
imminent use of, this band.  
 Measurement of the channel characteristics 
of this band around airport surface areas 
represents the first step in a systematic 
engineering process that will culminate with 
deployed airport surface communication 
networks. In a prior paper [4], we described this 
motivation, example uses of detailed channel 
models, and some example measurement results. 
In this paper, we conclude the project with a 
review of its key aspects, which includes the 
multiple motivations for the work, required 
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coordination activities for successful 
measurements, and the measurement and 
modeling outputs. 
 Section II briefly describes the regulatory 
issues motivating this work. Section III 
describes the measurement coordination 
activities at the multiple airports measured. In 
Section IV, we review the measurement 
procedures and outputs, and provide example 
measured results. Section V describes modeling 
results and Section VI concludes the paper with 
a summary and recommendations. 
 
 
II. REGULATORY ISSUES 
 
 As noted, the MLS extension band is of 
great current interest to the aeronautical 
community. The lead organization is ICAO, who 
is working to ensure that this spectral band 
remains allocated for aeronautical services, by 
ensuring aviation community delegations 
participate in the next World Radio Conference 
(WRC) of the ITU in 2007. The United States 
Federal Aviation Administration, and the 
European Union’s aviation administration, 
EuroControl, are supporting ICAO in this effort. 
 At the next WRC, member nations will 
discuss and decide upon the global use of radio 
spectrum for multiple applications. Aviation 
related spectrum issues exist for frequency 
bands from 108 MHz to 6 GHz. One of the 
intentions of the ACAST project was to 
demonstrate the suitability of the MLS extension 
band for wideband airport surface area signaling. 
One reason for this is the possible “relief” this 
could provide by “offloading” some of the 
congested VHF voice bands used by pilots and 
air traffic controllers. 
 Since the MLS extension band is just below 
a 5 GHz WLAN band in frequency, it represents 
an attractive way for WLAN manufacturers and 
system developers to gain system capacity. 
Thus, real “threats” to the exclusive aviation use 
of this band exist. In addition, GPS navigation 
and WAAS/LAAS enhancements appear to be 
circumventing the need for new MLS 
deployments. This has left most of this band 
underutilized. Both these factors have motivated 
the aviation community’s need to justify the 
continued exclusive use of this spectrum for 
aviation purposes.  
 In addition, the growth of air travel and 
airport services will only increase the need for 
new reliable communication systems. The band 
thus can contribute to the Next Generation Air 
Transportation System’s modernization effort.  
In addition, the channel characterization effort 
can be viewed as one of the first substantive 
activities that illustrate the seriousness of the 
aviation community in using this band. 
 Some of the preliminary channel 
characterization results have been input to ICAO 
as working documents toward use of this band. 
In the future, the final channel characterization 
outputs will be made fully available to this 
organization, to support future aeronautical use 
of this important spectral band. 
 
 
III. MEASUREMENT COORDINATION 
 
 The coordination required to conduct 
measurement activities at an airport facility is 
not trivial. To characterize the MLS band in an 
airport environment, access to airport facility 
information, airport facilities themselves 
(physical access), and to the protected spectral 
band (medium access) is required. Successfully 
achieving access to these different coordination 
components required careful planning to execute 
a non-disruptive measurement campaign. 
Additionally, close collaboration with FAA 
Airways Facilities personnel, FAA Air Traffic 
Control, and measurement team members was 
necessary to maximize efficiency, and minimize 
impacts to airport operations. 
 Access to airport information is a key 
requirement, which enabled the development of 
a measurement strategy, establishment of 
procedures, equipment deployment planning, 
and a coordinated team approach. The Air 
Traffic Control Tower information aided in 
identifying the optimal deployment of the 
sounder transmitter system, power source, 
sounder system synchronization location and 
more. Airport layout information obtained from 
the FAA enabled selection of ideal measurement 
locations, preliminary parameter estimation, and 
measurement route determination. Figure 1 
shows measurement locations identified for John 
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F. Kennedy International Airport, in New York, 
NY. Using this type of information enabled 
FAA Airways Facilities, Air Traffic personnel, 
and the measurement team to optimize 
measurement locations and procedures. 
 Physical access to airport facilities has 
always been difficult and, in the post 9/11era, it 
has grown in difficulty and complexity. To gain 
access to airport grounds, personnel and 
vehicular requirements needed to be addressed. 
Before an individual is authorized access to 
airport facilities, a background check is 
conducted. Foreign nationals are required to 
provide passport and other necessary 
documentation to complete a security clearance. 
Access to restricted areas required proper badge 
and identification for all individuals conducting 
measurements. Once on airport grounds or 
facilities, non-FAA team members required the 
presence of an FAA escort at all times. .   Access 
for vehicles not authorized to operate on airport 
grounds was coordinated with FAA and airport 
security. Ideally, access to airport movement 
areas was desired at times of high aircraft 
activity to obtain maximum traffic effects upon 
channel characteristics (e.g., signal reflections). 
This was achieved with assistance from Air 
Traffic Control and Airway Facilities personnel 
who drove to all measurement locations with the 
measurement team.  
 Coordinating access to the transmission 
medium required participation by government 
agencies other than NASA and FAA. The MLS 
band is internationally allocated to Aeronautical 
Radio Navigation Service (ARNS). 
Authorization to radiate in this band required 
two coordinated activities. First, the FAA 
spectrum engineering office conducted a Radio 
Frequency Interference (RFI) analysis for each 
airport facility that was measured. To conduct 
this evaluation, information that included 
transmitter location, power output, antenna 
characteristics, operating frequency, and other 
parameters was provided. Second, NASA Glenn 
Research Center submitted a request for a 
Special Temporary Authorization (STA) to the 
National Telecommunications and Information 
Administration (NTIA). This request included 
measurement equipment technical information, 
test duration and locations. The NTIA contacted 
government offices that could be affected by this 
measurement activity and requested an 
evaluation from each agency. Once both 
activities were successfully completed, a letter 
indicating the results of both frequency analysis 
requests was issued to local FAA Airport 
management and Systems Management Office 
for review and comments. For all airports at 
which measurements were done, these activities 
and authorizations were successfully completed. 
 In addition to the coordination of physical, 
medium, and information access, subtle 
variations existed among airports, which 
required additional coordination. Working with 
dedicated and knowledgeable local airport 
authorities, careful management of time and 
resources enabled timely completion of the 
measurement campaigns. A “post analysis” of 
events following every measurement run 
resulted in optimization and modification of 
procedures. In the end, careful attention to detail 
(by all involved) enabled the achievement of 
nearly all goals set by the team in a safe and un-





 The measurement procedure consists of 
transmission of a test signal from either the 
ATCT or an AFS, and receiving and storing the 
signal samples obtained with a mobile van that 
traveled through the airport surface areas. We 
used the popular direct-sequence spread 
spectrum (DS-SS) correlator signaling approach 
[5], with a bandwidth of 50 MHz, and transmit 
power of 2 W. The transmitter receiver pair, 
denoted the “sounder,” is a customized version 
of those used for other bands [6]. Figure 2 shows 
a photograph of the sounder transmitter (Tx) 
platform on the Miami Airport ATCT catwalk. 
 The primary characteristics measured are 
power delay profiles (PDPs), which estimate the 
channel impulse response (CIR). The PDPs were 
taken for various segments of travel over the 
airport surface, which covered runways, 
taxiways, cargo areas, access roads, and near 
airport gates. Both line of sight (LOS) and non-
LOS (NLOS) regions were covered, with the 
majority of the data taken in the NLOS regions, 





Fig. 1. Aerial photograph of JFK International airport, showing numbered measurement locations. 
 
 As is widely done for other applications, 
our CIRs are characterized statistically [7]. One 
of the most important CIR statistics is their root-
mean-square (RMS) value of delay spread 
(RMS-DS). This statistic measures the spread of 
the signal in time, and its frequency domain 
counterpart, the frequency correlation estimate 
(FCE, analogous to coherence bandwidth), 
captures the selectivity of the channel in 
frequency. We also model the time variation of 
the amplitudes (fading) statistically. 
Fig. 2. Photo of sounder Tx at MIA. 
 Channels were measured at six airports, 
two large airports (Miami and JFK), one 
medium airport (Cleveland), and three GA 
airports (Ohio University, Burke Lakefront, and 
Tamiami). In addition, we classified the airport 
surface area into three distinct propagation 
regions: LOS-Open (LOS-O), NLOS-Specular 
(NLOS-S), and NLOS, from least to most 
dispersive, respectively. This provides a more 
precise description than that in [8], for example.  
Table 1 summarizes the RMS-DS results for all 
the airports. In total, over 51,000 PDPs were 
recorded, approximately 35,000 for the mobile 
setting (Tx at ATCT), 5,000 for the point-to-
point setting, and 11,800 mobile PDPs for 
airport field sites. 
 Figure 3 shows an example PDP taken for 
the NLOS region in Miami. The RMS-DS for 
this profile is approximately 1.43 microseconds; 
multiple, large amplitude multipath components 
are visible in addition to the first-arriving 
component.   
 Throughout the course of travel on the 
airport surface, we observed multipath delay 
Tx
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Table 1. Summary RMS-DS measurement results for six airports, three settings. 
Measured RMS-DS [min; mean; max] (nanoseconds), Three Settings 
Mobile Point-Point Field Site Transmit Airport 
NLOS NLOS-S LOS-O LOS-O NLOS NLOS-S 
JFK [800; 1,469; 
2,456] 
[21.4; 311;  
798.7] 




MIA [1,000; 1,513; 
2,415] 
[23.1; 459;  
999.9] 
















OU — [14; 293;  
2,416] 
— — — — 
— 




— — — 
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Fig. 3. Example NLOS PDP, MIA. 
 
spreads that changed in time according to the 
propagation region. This was also manifested in 
the appearance and disappearance of multipath 
components. This finite “lifetime” of multipath 
components we term the “persistence process,” 
and as discussed in the next section, we have 
developed models for this as well. 
 Figure 4 shows an example plot of the 
probability of each multipath component versus 
delay, for the Miami airport. These are the 
“steady state” probabilities of the component  
being present, and are directly used in our 
persistence process modeling. Example state and 
transition probability matrices for two of the taps 
are also provided on this figure. 
 Figure 5 shows example FCEs, computed 
according to the method in [9], which does not 
rely on the traditional wide-sense stationary, 
uncorrelated scattering (WSSUS) assumption. 
We found the US assumption often did not hold, 
implying correlated multipath components. The 
two FCEs pertain to transmission from the 
ATCT and from an AFS, computed over the 
same area of the airport. The wider AFS FCE 
indicates a less dispersive channel when 
transmission is from an AFS, supporting their 
use in future networks. 
 Figure 6 shows an example time evolution 
of PDPs in a point-to-point setting, using 
directional antennas, in Miami. This plot shows 
PDPs vs. delay and time for the case when the 
receive antenna is aimed away from boresight by 
approximately 105° in azimuth. The presence of 
large, stable multipath components, attributable 
to nearby large buildings, is evident.  






























Fig. 4. Example tap probability of occurrence, MIA. 
 
Fig. 5. Example FCEs for NLOS regions in MIA, for 
both ATCT and AFS transmission. 
Fig. 6. PDP vs. delay and time, point to point setting, 







V. MODELING RESULTS 
 
A. Mobile Channel, Tx at ATCT 
 
 As covered in [4] and elsewhere, e.g., [7], 
[10], the channel models developed are usable 
by anyone involved in designing or evaluating 
potential wireless networks for mobile or fixed 
applications in this setting. To ensure that they 
are most useful, we adopt the common tapped-
delay line model for the channel [11], illustrated 
in Figure 7. In Figure 7, the x’s denote input 
symbols and the y’s output symbols. The τ’s are 
delays, and the h’s are the CIR random 
amplitudes, given by  
 )t(jkkk ke)t()t(z)t(h
φα=   (1) 
where k denotes the channel tap (~multipath 
component) index, the z’s are the tap persistence 
processes, with zk(t)∈{0,1}, the α’s are the 
randomly fading amplitudes, and the φ’s are the 
random phases. The number of taps L depends 
on the propagation region (LOS-O, NLOS-S, or 
NLOS), on the bandwidth of the channel model, 
and upon the fidelity of the model’s 
representation of the actual channel. The 
persistence processes and fading amplitudes are 
modeled as random, with distributions derived 
empirically. For our “sufficient fidelity” (SF) 
model, we assume the taps emanate from their 
estimated distributions, and generate fading 
samples via appropriate random number 
generation. We also have a “high fidelity” (HF) 
model, which uses our actual (stored) data to 
generate channel samples. In the context of the 
cellular (COST) models, the SF model is a 
“synthetic” channel model, and the HF model is 
a “stored” channel model. For brevity, here we 
restrict discussion to the SF models only. 
 
Fig. 7. Tapped delay line channel model. 
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 For illustration, we describe the NLOS 
region model for the large airport surface 
environment, for a channel bandwidth (BW) of 
10 MHz. From our 50 MHz measurement 
results, we can construct models for smaller 
bandwidths easily (and have done so for 
bandwidths of 20, 10, 5, and 1 MHz). To 
illustrate the region transitions, we also discuss 
some parameters of the NLOS-S region for this 
bandwidth and airport size. 
 We base the number of channel taps on the 
mean value of RMS-DS, and for this setting and 
bandwidth, we obtain values of LNLOS=17 taps, 
and LNLOS-S=6. We obtain tap steady state 
probabilities from the empirical data, and the 
plots for these cases would appear very similar 
to that shown in Figure 4 for the 50 MHz case, 
except of course with fewer taps. For the 10 
MHz case, the longest-delay (“least persisting”) 
tap has steady state probability greater than 0.65 
for the NLOS case, and greater than 0.33 for the 
NLOS-S case. Given that often, many of the 
higher-indexed taps—representing longer-delay 
multipath components—are very low in 
amplitude in comparison to the lower-indexed 
taps, we truncate the channel models to contain 
fewer taps, by considering the cumulative 
energy in the taps. Relative to a unity total 
energy, Figure 8 shows cumulative energy vs. 
tap index for these cases.  Based upon Fig. 8, we 
truncate to LNLOS=14, and LNLOS-S=4 taps, which 
accounts for approximately 95% and 99% of the 
total CIR energy, respectively. 
 





















Fig. 8. Cumulative tap energy vs. tap index, large 
airport, 10 MHz BW, NLOS & NLOS-S regions. 
 
 
Table 2. NLOS Markov chain tap persistence 













1 1.0000 na 1.0000 
2 0.8794 0.1975 0.8899 
3 0.7890 0.3258 0.8197 
4 0.7747 0.3301 0.8051 
5 0.7519 0.3363 0.7809 
6 0.7437 0.3599 0.7794 
7 0.7288 0.3789 0.7690 
8 0.7102 0.4013 0.7556 
9 0.7060 0.4063 0.7529 
10 0.6930 0.4324 0.7488 
11 0.7065 0.4052 0.7528 
12 0.7000 0.3868 0.7374 
13 0.6798 0.4453 0.7386 
14 0.6992 0.4067 0.7449 
 
Table 2 lists persistence process parameters for 
the NLOS case. For all persistence processes, we 
use the well-known Markov chain model. The 
steady state probability for state zero, P0, is 
equal to 1-P1, with P1 the steady state 
probability for state one. State zero denotes the 
tap is “off” (below threshold); state one denotes 
the tap is “on” (above threshold). Similarly, 
transition probabilities P01=1-P00; P10=1-P11, 
where Pij=probability of transitioning from state 
i to j. Figure 9 shows an example time series for 
the fifth tap in this model, showing the “on/off” 
switching behavior, for twenty time samples. 
 For the tap amplitudes, a similar table can 
be developed; this is shown in Table 3. We have 
found the Weibull distribution [12] to provide a 
flexible distribution for fitting all the tap 
amplitudes. The probability density function for 
this distribution is given by the following: 
 









Fig. 9. Example tap persistence time series; tap 5, 














bxf exp)( 1        (2) 
where b is a shape factor that determines fading 
severity (the smaller the value of b, the worse 
the fading), and a= ]1)/2[(/ +ΓΩ b  is a scale 
parameter, with Ω the mean-square value of the 
distribution (tap energy), and Γ the Gamma 
function. A value of b=2 yields the well-known 
Rayleigh distribution, often used as a near 
worst-case condition. Note that all but the first 
tap in Table 3 is “worse than Rayleigh,” 
indicating severe amplitude fading. This level of 
fading has been reported in the literature, for 
multiple environments, including HF, cellular, 
and indoor settings, but it is always rare. Also 
included in Table 3 is the value of the “m-
parameter” of the Nakagami-m distribution. 
 Figure 10 shows example fits to the 
distribution for the second tap, for both Weibull 
and Nakagami-m. Good agreement is observed. 
All fits were maximum likelihood fits. 
 Once the number of taps, their fading 
amplitude distributions, and their persistence 
process parameters are defined, the channel 
model is nearly complete for the given region. 
The final step in building the SF model requires 
that we generate the fading tap amplitude 
samples in such a way that the tap 
crosscorrelations accurately reflect the measured 
data. Simply, each tap amplitude is correlated  
 












1 2.1 0.5273 m = 1.2 
2 1.58 0.0605 m = 0.72 
3 1.56 0.0382 m = 0.72 
4 1.61 0.0346 m = 0.74 
5 1.63 0.0315 m = 0.76 
6 1.57 0.0310 m = 0.73 
7 1.6 0.0302 m = 0.74 
8 1.67 0.0276 m = 0.79 
9 1.66 0.0266 m = 0.78 
10 1.68 0.0248 m = 0.8 
11 1.65 0.0262 m = 0.77 
12 1.66 0.0260 m = 0.78 
13 1.75 0.0234 m = 0.84 
14 1.72 0.0230 m = 0.83 
 
Fig. 10. Example fit to fading amplitude data for 
NLOS, 10 MHz, second tap. 
 
with all other taps, and this correlation is 
quantified by the correlation coefficient, which 







ααρ =           (3) 
where Cov denotes covariance, Var denotes 
variance. Correlated taps represent another 
atypical finding from our work, as most models 
assume uncorrelated scattering. The upper left 
quarter of the correlation matrix R=[ρij] is 
shown in Table 4. Note that some of the taps are 
highly correlated, e.g., ρ57≅0.7, for example. 
 With the tap correlation matrix, all that 
remains is to generate the random fading 
amplitude processes and persistence process 
with the specified parameters, and to allow for 
switching between propagation regions. For the 
region switching model, we again use a Markov 
chain, and for the two regions we model in this 
example (NLOS and NLOS-S), the Markov 
transition (TS) and steady-state probability (ES) 
 
Table 4. Upper right ¼ of NLOS tap correlation 
matrix, 10 MHz. 
 j 
i 1 2 3 4 5 6 7 
1 1.00 0.592 0.681 0.575 0.644 0.650 0.876 
2 0.592 1.00 0.418 0.376 0.549 0.421 0.479 
3 0.681 0.418 1.00 0.566 0.758 0.559 0.459 
4 0.575 0.376 0.566 1.00 0.998 0.827 0.593 
5 0.644 0.549 0.758 0.998 1.00 0.932 0.717 
6 0.650 0.421 0.559 0.827 0.932 1.00 0.766 
7 0.876 0.479 0.459 0.593 0.717 0.766 1.00 














Nakagami : m = 0.72
Weibull: b = 1.58
303
matrices are given in eq. (4), where the 


























 Figure 11 illustrates conceptually the 
modeling process used. The equations and tables 
referred to in this figure pertain to [13]. 
 
B. Mobile Channel, Tx at AFS 
 
 Similar to modeling for the case with the 
Tx at the ATCT, results for the mobile channel 
with the Tx at an AFS can be used to construct 
models. The exact same procedure can be 
followed, and will generally yield a channel 
model with fewer taps, and a larger probability 
of being in the NLOS-S region than for the Tx at 
the ATCT.  
 Due to space limitations we do not show 
these results here, other than to note that the 
AFS channel is generally less dispersive than the 
corresponding ATCT channel. This is illustrated 
 via Figure 12, which shows the distribution of 
RMS-DS for the two transmission cases, for the 
exact same portion of the airport surface area, 
from MIA. The RMS-DS values for the AFS 
transmission case are generally smaller than 
those for the ATCT case. 
 
Fig. 12. RMS-DS distribution for section of airport 
surface in MIA, two Tx locations: ATCT & AFS. 
 
C. Fixed Point-to-Point Channel 
 
 For this setting, directional antennas were 
used at both the ATCT and AFS, and PDP 
measurements were taken as a function of 
azimuth angle, as the receive antenna was 
rotated. For all “boresight” cases, where the 
antennas were aimed at each other, the channel 
can be well modeled as having a single tap, with 
Ricean statistics. For this, the Ricean K-factor 
was typically greater than 20 dB. Figure 13 
shows a plot of RMS-DS vs. azimuth angle, 
from MIA, taken from two AFS locations. In 
this figure, as well as in the measured PDPs, 
significant stable reflections from large 
buildings caused substantial multipath for non-
boresight angles. This observation could be 
useful in AFS siting and in angle diversity 
 
 
Fig. 11. Conceptual model illustrating generation of non-stationary fading channel samples. 





















RMS-DS for Field Transmitter
RMS-DS for (Tx at ATC)
Markov Model 




Example: eq. (5.14) 
LOS-O Model 
• a, b, z(t) for each tap (e.g., Tables 6.19, 6.20) 
• Correlation matrix for region (e.g., eq. (6.4))
NLOS-S Model 
• a, b, z(t) for each tap (e.g., Tables 6.22, 6.23) 
• Correlation matrix for region (e.g., eq. (6.6)) 
NLOS Model 
• a, b, z(t) for each tap (e.g., Tables 6.25, 6.26) 










 In this paper, we reviewed work on our 
completed channel characterization project for 
the MLS extension band around airport surface 
areas. We summarized regulatory concerns 
regarding band use, and also described 
measurement coordination activities required to 
successfully complete this project. 
Measurements were made at airports of three 
sizes: large, medium, and small (GA). 
 Example channel measurement results were 
shown to illustrate some of our findings. One of 
the most important of these findings is that the 
airport surface channel is a very dispersive 
channel (for all but the narrowest of bandwidths, 
e.g., less than about 1 MHz). The airport surface 
area can be classified into three propagation 
regions, with distinct channel characteristics in 
each. In terms of this dispersion, the NLOS 
regions have the largest values of RMS delay 
spread, with large airports having mean spreads 
of roughly 1.5 microseconds; spreads of 
approximately 2.2 microseconds represent 99th 
percentile values. Both severe fading and 
correlated scattering were observed in the 
models, both of which are atypical, and create a 
more challenging channel for reliable 
communications. We also note that by deploying 
transmitters at selected airport field sites, signal 
strength can be improved, and dispersion 
reduced for areas that are distant and NLOS 
from the ATCT.  
 Detailed channel models for the mobile 
(and non-mobile point-to-point) settings have 
been developed. These are described in [13]. 
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